Mobile recording magnetometers were developed during and after world War II. These new instruments have permitted the recording of long magnetic profile lines. These long magnetic profiles have clearly shown that two distinctly different types of anomalies occur.
Introduction
Recordings of time variations in magnetic components have been made nearly continuously in many magnetic observatories since the intoroduction of photographic recording at the Royal Observatory, Greenwich, in 1847.
These early continuously recording instruments were not mobile so they could not be used to obtain recordings of magnetic field variations as a function of distance or location.
Because there were no mobile recording magnetometers in the early days, all magnetic charting had to be done from spot measurements. Each measurent was rather laborious to make so there was a tendency to space them very far apart. Since the detailed picture between measured points was not determined, it was not known whether the measured points themselves represented good average values for that area or whether they might be anomalous values.
In the early days of geophysical magnetic prospecting, ground magnetic measurements weree often made at close spacings so that local anomalies were known to exist, but such surveys never covered very large areas because of the expense and time required to make such surveys. The area covered was generally much too small to reveal the relationship between strictly local effects and broader regional anomalies.
No doubt the first mobile magnetic instrument was the marine compass. These were not, of course, recording instruments and in any case could not have given very useful detailed information, because of poor navigation and heading controls.
The advent of recording mobile magnetometers, which proved to be a real significant breakthrough for magnetic surveying, had to await the development of electronic magneto-
meters.
During World War II the fluxgate was highly developed for use in aircraft for submarine detection and was later modified for geophysical exploration (Jensen, 1946; Muffly, 1946; Rumbaugh and Alldredge, 1949) . Hope (1964) points out that in the USSR, the first aeromagnetic survey flight was made in 1936, with an airborne magnetometer developed by A.A. Logachev. These geophysical instruments record the magnetic total field intensity continuously along the flight line with a sufficiently small base line drift to permit the accurate magnetic contouring of areas crisscrossed by the magnetometer.
In this application it was customary to develop areas a few hundred miles square in great detail so that most flight lines were not more than a few hundred miles long.
These lines were still too short to clearly show how local magnetic anomalies blended into the truly world wide regional anomalies clearly shown no world charts. The same kind of magnetometer was successfully adapted for towing in a fish behind ships.
Gradually both the ship-towed and the airborne fluxgate magnetometers were used to obtain very long magnetic profiles which began to reveal the nature of the anomalies between the strictly local type and the very long regional type. The proton precession magnetometer slowly replaced the fluxgate instrument in shiptowed installations.
The fluxgate airborne magnetometer was later further modified so that the entire magnetic vector could be determined (Schonstedt and Irons, 1955) . It is this instrument which has been used so successfully on many around-the-world survey flights by the U.S. Oceanographic Office on project Magnet (Byrnes, 1960) . P. Serson in Canada has developed a comparable instrument.
These new mobile recording magnetometers have marked the beginning of a new era in magnetic measurements as was foreseen by Vestine (1947) , nearly twenty years ago, when he wrote "...high speed world surveys, such as might be made by airplanes, with complete coverage of the earth in a year or two and repeated every decade, are the hopeful dreams of those responsible for future isomagnetic charts."
General Results
One of the earliest very long magnetic profiles was obtained in 1947 on project Volcano. He points out that tectonic activity of a compar- able size-range has a marked linear tendency (geosynclines, oceanic troughs, island arcs, mountain ranges) and hence any associated magnetic effects would be expected to have a linear trend.
Although these large linear trending anomalies are important features of the crustal field still they are usually much too narrow to be preserved on world magnetic charts.
Heirtzler (1961) This last point as well as the distribution of anomalies which were found on a very long flight line are shown in Figure 2 (Alldredge, Van Voorhis, and Davis, 1963) . This composite around-the-world magnetic profile was obtained by piecing together parts of several different around-the-world flights so as to form as nearly a straight path as possible. All of the data used were taken by project Magnet of the U.S. Naval Oceanographic Office. The average flight altitude was approximately 9000 feet. The magnetic profile shows the difference between the observed values of the total field intensity and Fig. 2 . Around-the-world profile showing both position and nondipole field. The horizontal scale is linear in distance along the flight path which was at an altitude of approximately 9,000 feet. the total field intensity of a centered dipole.
From the dimensions of the local perturbations compared to the large regional variations it is immediately apparent that only the details of the latter can be included in world charts. On the other hand, it should be possible and desirable to include some information regarding the local anomalies by some form of color coding on the charts denoting their amplitude and width.
It should generally be true that the sharpness of magnetic anomalies recorded in 6. Across the Bay of Bengal, Viet-Nam, and the South China Sea, the sources are shallow but of low susceptibility contrast.
7. From Manila to Tokyo, the susceptibility contrast is moderate and very shallow.
S. Across the entire pacific from Tokyo to portland via Adak, the sources are shallow. The structure of the magnetic basement from the Aleutian trench to Portland is broken up into small, quite regular pieces. The pattern from Tokyo to Adak is less regular. Two major seamounts were apparently encountered in this area. Very large, slightly deeper sources are apparent in the vicinity of the Aleutian Island arc.
9. The major magnetic sources across the United States tend to be very deep, with a great many shallower intrusions.
Spectral Analysis of Long Profiles
Serson and Hannaford (1957) were the first to apply spectral analyses to long continuous (or nearly continuous) magnetic profiles. They have made autocorrelation and related root-mean-square (r.m.s.) change studies in the components D, H and Z over three north-south flights in Western Canada totaling 3,600Km in length and over two east-west flights totaling 2,400km over the Atlantic Ocean east of Bermuda. All flights were made at an altitude of 3km above sea level.
The magnetic profiles resemble gentle curves with wavelengths of a few thousand Km, on which are superimposed local anomalies (noise) of a much shorter wavelength which are the largest source of errors in magnetic charts. In Figure 4 the correlation at large values of r in H is caused by the same reason given for Z in Figure 3 . Here the Z profiles were quite straight, while the H profiles showed more curvature. Fig. 4 . Autocorrlation functions of magnetic profiles from two eastwest fllights over the Atlantic east of Bermuda (above), and corresponding r.m.s. changes in components over distance z (below) (after Serson and Hannaford, 1957) .
before the interpolation is done. The spacing between flight lines is, however, too great to permit smoothing before the linear interpolation is applied perpendicular to the flight lines.
Serson and Hannaf ord further conclude that an airborne survey with lines 50km apart, costing five times as much as one with lines 250 km apart, will produce charts only 35 percent more accurate and may, therefore, not be worth the extra trouble.
The above conclusons would be slightly modified if agreement could be reached to the effect that world magnetic charts are not expected to reflect any of the local anomalies, but should show only the very wide regional effects usually attributed to very deep sources. In this case, a smoothing procedure over a distance of several hundred km would be called for and it would be admitted at the start that the r.m.s. error in the chart would be equal to the r.m.s. amplitude of the local anomalies. If smoothing is done along the flight lines as indicated above then there would be no need to space the flight lines any closer than the smoothing interval along the flight lines. Deviations from the smooth curve along the flight lines could be used to characterize the nature of the local anomalies and could be color coded into the smooth chart as a measure of the local errors to be expected.
When larger scale magnetic charts are contemplated encompassing single countries or even smaller subdivisions, then very close spacing of survey lines may be indicated so that in the largest scale charts all local anomalies would be shown.
Fortunately, there seems to be a very natural distinct division of anomalies into local and regional varieties with a large gap in between, as discussed later, so that perhaps only two kinds of charts are needed ; those with and those without local anomalies.
It is suggested that since wavelengths less than 1.0 cm can not be readily depicted on a chart and since, as discussed later, very few local anomalies have wavelengths greater than 300 km any chart made to a scale less than 1/30,000,000 should not attempt to depict local anomalies.
Serson and Hannaf ord did not take the Fourier transform of their autocorrelation functions to obtain the more readily understood power spectra. Bullard, Hill and Mason (1962) have made a power spectrum analysis of the total field along an east-west profile 379 miles in length in the North Atlantic. Their results are shown in Figure 5 . This spectrum shows a peak in the power spectrum at a wavelengh of 55 miles with other minor peaks at 30 and 20 miles. When a harmonic analysis is made of such a short line, there is always an implied fundamental wavelength equal to the length of the line. The resulting amplitudes of the fundamental and other low order harmonics are modified considerably by the method used to take out the general background trend. Much longer lines should be analyzed to obtain useful information about wavelengths greater than 100miles.
The longest magnetic profile which has been analyzed is that reported by Alldredge, Van Voorhis and Davis (1963) . Some general aspects of thisprofile which are shown in Figure 2 were discussed earlier.
Since this profile is continuous around the world it is truly a periodic function so that a meaningful power spectrum can be obtained. on the starting point of the analysis, whereas R, t=(An2+Bn2)1/2 is independent of the arbitrary starting point. R;z is plotted against n in Figure 6 . This is the harmonic spectrum of the nondipole field. Figure 6 extends only to n=1000 because of the mechanical difficulty in extending the plot to order 2000. Between n =1000 and n=2000 the spectral components in general continue to decrease in amplitude. There are no coefficients greater than 3 Y for n greater than 1319, and no coefficients greater than 2 r for n greater than 1660.
A change in the ordinate scale by a factor of 250 is made at order 20 so that we may properly show the small-ampliture, high-order terms. The most striking feature is the extremely rapid drop in amplitude as the order increases from 1 to 7. The values for Rn up to order 12 are shown in Table 1 .
It should be remembered that the dipole field was subtracted from the data before the harmonic analysis was made. When the dipole term if added the total field intensity at selected points will be as large as 60,000 gammas. None of the coefficients in Table 1 of order greater than six has an amplitude any larger than 0.07 percent of the peak total field intensity.
This striking result makes it clear why early spherical harmonic analyses of the earth's field which seldon were carried deyond order six were so successful.
Since local anomalies may have amplitudes up to a few thousand gammas and This finer look at the spectrum in the latter case provides many harmonics in a given band width which when added togethar can produce the resonance peaks which might be noted in a coarser analysis.
An attempt to see how this might work has Been made by grouping the harmonics together to determine the 'energy' in a fixed wavelength width filter. 
